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 SUMMARY 

The DOE Spent Nuclear Fuel Working Group (SNFWG)’s report on technical considerations and challenges for 
extended dry storage of aluminum-clad spent nuclear fuel (ASNF) entitled, Aluminum-Clad Spent Nuclear Fuel: 
Technical Consideration and Challenges for Extended (>50 Years) Dry Storage, DOE/ID RPT-1575, June 2017    
identified  five knowledge gaps and technical data needs. This DOE SNFWG report also made several 
recommendations including one to develop an action plan to identify needed technical and engineering activities 
and analyses to address the identified knowledge gaps and technical data needs. A team composed of twenty SNF 
management experts and appropriate subject matter experts from the Idaho National Laboratory and Savannah 
River National Laboratory was assembled to develop this action plan. The action plan identifies and recommends 
six technical and engineering tasks and estimated cost and schedule for task completion. It is estimated that $5M 
and 18 months will be required to execute the recommended tasks.  
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Aluminum Clad Spent Nuclear Fuel Long Term Dry Storage 
Technical Issues Action Plan - Technical and Engineering 

Activities 

1. BACKGROUND AND INTRODUCTION 
This report (hereafter referred to as “the action plan”) describes potential technical, engineering, modeling 
activities and analyses that address previously-identified knowledge gaps and technical data needs presented in 
the DOE Spent Nuclear Fuel Working Group (SNFWG)’s report on technical considerations and challenges for 
extended dry storage of aluminum-clad spent nuclear fuel (ASNF) entitled, Aluminum-Clad Spent Nuclear Fuel: 
Technical Consideration and Challenges for Extended (>50 Years) Dry Storage, DOE/ID RPT-1575, June 2017. 
This action plan addresses the SNFWG report recommendation to develop an action plan. The SNFWG report 
identified five data/knowledge gaps that need to be addressed to help inform decision-makers on the 
environmental, safety, and long-term programmatic risks associated with a management strategy for aluminum-
clad SNF in extended (i.e., greater than 50 years) dry storage. These knowledge gaps and technical data needs are:  

1. Behavior/chemistry of oxyhydroxide layers for the range of ASNF fuel designs and dry storage configurations 

2. Resolution of radiolytic gas generation data for ASNF oxyhydroxide layers 

3. Combined effect of episodic breathing and radiolytic generation of potentially corrosive gases in sealed and 
vented systems 

4. Performance of research test reactor (RTR) ASNF in existing dry storage systems 

5. Effects of high-temperature (i.e., greater than 100°C) drying on the chemistry and behavior of oxyhydroxide 
layers. 

Fundamentally, these knowledge gaps were identified as potential issues requiring evaluation to ensure safe and 
compliant extended dry storage of ASNF sealed and inert or vented dry storage configurations.   Key safety 
criteria that must be met in any storage configuration are radiologic shielding, material confinement, sub-
criticality, and retrievability, which lead to specific concerns based on storage configuration as illustrated in 
Figure 1. 

 

 

Figure 1. Diagram of ASNF concerns for different storage configurations 
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DOE-ID/RPT-1575 report recommends taking several actions one of which is directed at addressing the knowledge 
gaps and technical data needs. Specifically it recommends developing an action plan to identify and execute needed 
technical and engineering activities that address identified knowledge gaps and technical data needs. This action 
plan is in direct response to this DOE recommended action. Because of the nature of the identified knowledge gaps 
and data needs a team of SNF management and respective subject experts was assembled to develop this action 
plan. The twenty person team was composed of subject matter experts from the Idaho National Laboratory (INL), 
Savannah River National Laboratory, and Fluor Idaho. Leads from each institution were identified for each of the 
five need areas and charged with developing a problem statement, research questions, proposed research scope, 
identification of interface needs with other identified need areas and expected research outcomes. Two of the 
primary assumptions the sub-teams worked to are; research activities need to be completed in 18 months from 
initiation, and $5M would be available to support the research activities. Activity to develop this action plan was 
initiated on Sept 4, 2017. A one-day group meeting was held at the INL on October 10, 2017 and all other sub-team 
interaction took place via teleconference and email exchanges. Appendix A contains materials generated in support 
of the October 10, 2017 meeting. 

The improved understanding of ASNF behavior gained by performing the tasks proposed in this action plan is 
critical to defend safe, extended storage in current and future configurations as well as to provide information for 
future transportation, conditioning, and disposal of the fuel. This plan provides a high-level overview of each 
proposed task, how the tasks are interrelated, and recommends steps necessary to move forward with filling the 
identified knowledge gaps (i.e., actions to resolve needs). 

2. PROPOSED TASKS AND ACTIVITIES 
Each task is based on addressing the knowledge and data gaps identified in the SNFWG report on challenges with 
extended ASNF storage. As the identified knowledge gaps and technical data needs are interdependent, the 
proposed tasks are also interdependent. 

2.1 Task 1: Oxyhydroxide Layer Behavior and Chemistry 
The first step in understanding how ASNF will perform over extended storage periods is to understand the 
behavior of oxide/oxyhydroxide films that are created during in-reactor operations and out-of-reactor storage. 
This film formation is dependent on numerous conditions including temperatures, irradiation history, heat flux, 
and water quality (see Figure 2). This task will seek to answer several questions; are there mechanisms which 
could alter the aluminum oxide/oxyhydroxide layers during extended storage, and under what conditions do these 
layers decompose to release species that can lead to canister integrity issues? This task will characterize 
thicknesses and growth rates of oxide layers based on fuel history, characterize and test material properties for the 
oxides prevalent on ASNF, and assess both corrosion and radiolysis reactions in different oxide layers.  

 
Figure 2. ASNF assembly after irradiation and storage in poor quality water illustrating the oxide layers that can build 
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The identified sub-tasks to fill this knowledge gap are: (1) determine alloys and conditions of interest, (2) grow 
oxides on aluminum alloys, (3) determine oxide film reactions and gas generation, (4) measure the mechanical 
properties of different oxide films, and (5) examine the mechanisms for accelerated degradation of oxide films as 
function of varying environmental conditions. Thermodynamic and kinetic modeling will be performed to predict 
oxide layers as a function of temperature, pH, and neutronics history. It is anticipated the results of this task will 
help: (1) predict gas generation due to corrosion and thermal decomposition, (2) understand behavior of 
oxide/oxyhydroxide layers under conditions representative of wet and dry storage, (3) provide defensible 
bounding thickness and growth rate of oxide layer, and (4) provide representative test materials. 

 

2.2 Task 2: Oxide Layer Radiolytic Gas Generation Resolution 
While Task 1 will provide information regarding   the amount of gas generated due to thermal effects on or 
corrosion of oxide/oxyhydroxide layer, this task is focused on radiolysis of the oxide/oxyhydroxide layer and 
gaseous sources present within the storage canister.  The resultant production of radiolytic gases may lead to 
canister degradation or integrity concerns. Task 2 will provide a comprehensive radiolysis “blueprint” of all 
system components (aluminum cladding, oxide layers, and stainless steel canisters, in-canister gaseous 
environment) to accurately represent in-canister conditions. Specifically, this task will answer the following 
questions: what important gases are produced inside sealed and vented ASNF canisters, what are the rates of 
radiolytic gas generation, what are the radiolytic degradation mechanisms, and can the in-canister conditions be 
predicted and forecasted based on these mechanisms (see Figure 3)? 

 
Figure 3. Corrosion site near the oxide layer in aluminum 6061 

The identified sub-tasks to fill this knowledge gap are: (1) perform comprehensive literature review, (2) develop 
experimental test condition matrix based on temperature, in-canister atmosphere, and oxide thicknesses, (3) 
develop a reliable method for atmosphere control and measurement of gas phase composition changes, (4) 
perform gamma irradiation of samples and measure gas generation, (5) and develop predictive multi-scale kinetic 
tool to provide in-canister radiation chemistry. 

 

2.3 Task 3: Sealed and Vented System Episodic Breathing and Gas 
Generation Prediction 

Task 3 attempts to comprehensively model the combined effects of episodic breathing (in the vented canisters) 
with the radiolytic gas generation on the aluminum clad, oxide layers, canister, and other system components. 
Diffusional and convective exchanges of reactive gaseous species and heat inside the canister with ambient air 
induced by episodic breathing in vented, unsealed storage system will shift the chemical equilibrium conditions 
inside the canister and affect the amount of radiolytic production of corrosive gases. Development of a 
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comprehensive understanding of the coupled effects of episodic breathing and long-term spatial-temporal 
evolution of radiolysis-generated corrosive gases inside the canister on the degradation pathways of all structural 
components (e.g., Al cladding, oxyhydroxide layers, and fuel bucket) is critical to accurately understand potential 
extended storage implications. This task will answer the following questions: what are the temperature fields 
inside and outside of the ASNF canisters at different times, what are the concentration fields of radiolysis-
generated corrosive gasses during extended storage, what are the water vapor concentration fields during extended 
storage, how do the structural materials and fuel elements age over extended storage? 

 

 
Figure 4. Proposed multiscale, multiphysics modeling approach to accurately predict system behavior as a result of episodic breathing and 
radiolytic gas generation 

The identified sub-task to fill this knowledge gap are: (1) Determine appropriate storage system conditions, (2) 
develop gas phase models, (3) incorporate data from oxide layer experiments, (4) develop vented canister model, 
(5) demonstrate model’s predictive capability.  

This task is focused on the vented storage configuration currently utilized at the Idaho National Laboratory. 
However, the modeling approach and models (e.g. canister model) developed can subsequently be adopted to 
model sealed and inert storage configurations. 

 

2.4 Task 4: Performance of ASNF in Dry Storage  
Task 4 will physically inspect ASNF, with priority focus on ATR fuel, in dry storage to establish how the ASNF 
is performing over the storage lifetime. At a minimum visual inspection must be performed to validate concerns 
about expected corrosion and radiolytic phenomena and to assure that storage conditions have not introduced 
new, unexpected behavior. In addition to visual inspection, there are additional inspection options including: 
instrumenting a vented canister to measure humidity, temperature, and other characteristics of interest, scraping 
an oxide sample for chemical and phase analysis, and more-intensive non-destructive examination and destructive 
examination of the ASNF. ASNF has been identified at SRS that will be used for validating surrogate sample 
preparation will provide additional data for this task. Example ASNF plate fuel and dry storage systems are 
shown in 5. Collaboration with INL ATR programs on ATR fuel element post irradiation examination (PIE) is 
under discussion but pending decision. 
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Figure 5. Examples of potential candidates for visual and material inspection 

The identified potential sub-tasks to fill this knowledge gap are: (1) determine appropriate ASNF candidates 
available in dry storage, (2) develop (or confirm) a process to access and visually inspect selected ASNF, (3) 
visually inspect ASNF, (4) develop (or confirm) a process to “scrape” the oxide layers of the selected ASNF, and 
(5) analyze scraped sample for material characteristics and oxide phase composition. 

2.5 Task 5: Oxide Layer Response to Drying 
Task 5 will analyze the effects of drying ASNF on the development and composition of oxide layers. The 
underlying goal is to understand how effectively different drying procedures (e.g., temperature, vacuum, forced 
helium) remove the chemically bound water in some of the oxide layers as well as impact the 
formation/transformation of those layers. This task will analyze a wide range of oxide films and aluminum alloys 
to ensure a broad understanding base is developed.  

The identified sub-tasks to fill this knowledge gap are: (1) identify or develop representative aluminum materials 
for testing, (2) evaluate small-scale dehydration of oxide films, (3) develop a mock-up of ASNF design(s) for a 
range of films and layered structures, and (4) test scaled-up drying using forced gas dehydration technology 
and/or throttled heated gas vacuum drying technology.  

2.6 Surrogate Sample Preparation and Validation 
Investigation of knowledge gaps and technical data needs will require use of laboratory grown surrogate 
materials. Validating that surrogate materials accurately represent ASNF oxyhydroxide layer composition (e.g., 
gibbsite, bayerite, and boehmite) is critical to ensure results of proposed investigations are representative of actual 
ASNF. The DOE inventory of ASNF is composed of different ASNF designs fabricated primarily from three 
different aluminum alloys (1100, 5052, and 6061), with the predominant alloy type being 6061. Alloy type 6061 
is used in fabricating fuel for the Advanced Test Reactor and the High Flux Irradiation Reactor. Under reactor 
conditions the cladding is exposed to an extreme environment: high temperatures, immersion in chemically 
treated moderators and coolants, and an intense multi-component radiation field (alpha particles, beta particles, 
gamma and X-rays, neutrons, and fission fragments), all ultimately leading to various forms of corrosion (e.g. 
pitting, crevice, galvanic, and intergranular). These in-reactor conditions coupled with varying water quality 
associated with out-of-reactor water storage influence fuel surface conditions and oxide/oxyhydroxide 
composition and growth. This combination of factors may result in varying oxide/oxyhydroxide layer 
composition depending upon ASNF fuel type, reactor history, and wet storage conditions. Because of this, 
development and validation of surrogate materials will be undertaken in sample preparation and validation task 
but these materials will be used in multiple tasks. This task will include characterization of oxide/oxyhydroxide 
layers on actual SRS SNF materials and preparation of representative surrogate materials for use in other tasks. 
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2.7 Task Interfaces and Coordination/Integration 
This list of tasks is expected to work together to answer the identified knowledge and data gaps. Figure 6 
illustrates at a high-level the information exchanges that will take place between the different tasks. Tasks will be 
executed by a team composed of INL, SRNL, and Fluor Idaho staff at multiple facilities located at INL and 
SRNL. Additionally, as shown in Figure 6 data and information sharing across tasks will be required. Task 
coordination and integration will be required to ensure success. 

 
Figure 6. Illustration of information exchange between tasks 

This diagram illustrates the interconnection between the different tasks as well as illustrates the importance of 
each task in the broader action plan.  

 

3. SUMMARY AND RECOMMENDATIONS 
The approach taken to develop an action plan in response to recommendations made in DOE-ID/RPT-1575 by 
developing a team of subject matter experts from INL, SRNL, and Fluor Idaho has resulted in identification of 
specific technical and engineering studies designed to address the five knowledge gaps and technical need areas 
identified in the DOE report. The recommended technical and engineering studies can be completed within 18 
months for approximately $5M. Table 1 provides a breakdown of the specific tasks and recommended funding 
levels for each task by fiscal year. Fiscal year 2017 carryover funds are available to initiate the tasks and it is 
recommended that execution begin in December 2017. It is intended that tasks 3, 4, 5, and sample 
preparation/validation will leverage, to extent possible, other DOE EM and NE projects and activities as 
appropriate.  
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Table 1. Recommended task funding assuming FY17 and FY18 funds availability 

 Total Funding FY17 Funding FY18 Funding 

Task 1 $700K $300K $400K 

Task 2 $700K $300K $400K 

Task 3 $750K $300K $450K 

Task 4 $1000K $350K $650K 

Task 5  $450K $100K $350K 

Task 6 $1000K $500K $500K 

Project/Task 
Coordination & 
Integration 

$375K $200K $175K 

Total $4975K $2050K $2925K 
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Idaho National Laboratory - Savannah River National Laboratory Aluminum Spent 
Nuclear Fuel Dry Storage Technical Issues Meeting 

Idaho National Laboratory 
INL Research Center 

2351 N. Boulevard, Conference Room #120 
Idaho Falls, ID 

October 10, 2017 
 

To join the Meeting: 
https://bluejeans.com/505110934 

 
To join via Room System: 

Video Conferencing System: bjn.vc -or-199.48.152.152 
Meeting ID : 505110934 

 
To join via phone : 

1)  Dial: 
+1.408.740.7256 (United States) 
+1.888.240.2560 (US Toll Free) 

+1.408.317.9253 (Alternate number) 
(see all numbers - http://bluejeans.com/numbers) 

2)  Enter Conference ID : 505110934 

 7:30 Welcome ............................................... Mike Connolly (INL), Lance Lacroix (DOE-ID/NE) 

 
 7:45 Meeting Objectives ................................................ Mike Connolly (INL), Bill Bates (SRNL) 
 
 8:00 “Behavior/Chemistry of Oxyhydroxide ................ Tedd Lister (INL), Kallie Metzger (SRNL) 
    Layers for the Range of ASNF Fuel Designs and Dry Storage Configurations” 
 
 9:00 “Resolution of Radiolytic Gas ................... Peter Zalupski (INL), Charles Crawford (SRNL) 
    Generation for ASNF Oxyhydroxide Layers” 
 
10:00 Break 
 
10:15 “Combined Effect of Episodic .......... Hai Huang/Alex Abboud (INL), Tracy Rudisill (SRNL) 
    Breathing and Radiolytic Generation of Potentially Corrosive Gases in Sealed and 
    Vented Systems” 
 
11:00 “Performance of Research Test ...................... Phil Winston (INL), Mike Dunsmuir (SRNL) 
    Reactor Fuel in Existing Dry Storage Systems” 
 
12:00 Lunch 
 
 1:15 “Effects of High Temperature ....................... Rebecca Smith (INL), Kallie Metzger (SRNL) 
    (i.e. greater than 1000 C) Drying on the Chemistry and Behavior of Oxyhydroxide 
    Layers” 
2:15 Summary/Actions/Path Forward ........................... Mike Connolly (INL), Bill Bates (SRNL),  
  ................................................................................................Lance Lacroix (DOE-ID/NE) 
 
 2:15 Summary/Actions/Path Forward ........................... Mike Connolly (INL), Bill Bates (SRNL),  
  ................................................................................................Lance Lacroix (DOE-ID/NE) 
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